Psychrophiles are organisms that thrive in cold environments and one of the cold adaptation strategies is the ability to synthesize cold-adapted enzymes. In this work, we analyzed and compared the amino acid sequence of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) of an Antarctic bacterium, Pseudomonas sp. 9, to its mesophilic and thermophilic counterparts. GAPDH of Pseudomonas sp. 9 has higher compositions of cysteine, glutamine, serine and lower compositions of glutamic acid, lysine and valine when compared to the GAPDHs of mesophiles and thermophiles. In addition, tiny and small amino acids are also preferred by this psychrophilic bacterium. However, the aliphatic, charged, basic and acidic amino acid groups were avoided. A homology model of the Pseudomonas sp. 9 GAPDH is also presented in this report. The model could serve as a hypothetical psychrophilic GAPDH structure for further investigation into domains that showed deviations from the known mesophilic and thermophilic GAPDH structures.
INTRODUCTION
Extremophilic microorganisms that are capable of growth and reproduction in cold temperatures are known as psychrophiles. Low temperatures slow down biochemical reaction rates catalyzed by enzymes, thus, it strongly inhibits the life at cold environment. In order to counteract the negative effect of cold on the activity of an enzyme, some enzymes of psychrophiles have evolved sufficient activities and efficiencies to support the growth of these organisms at low temperatures. These enzymes are known as psychrophilic enzymes or cold-active enzymes which are enzymes that have high catalytic efficiency at low temperatures and are inactivated at moderate temperatures (D'Amico et al., 2006) . The enzymes from these microorganisms display an apparent optimal activity shifted towards low temperatures (Feller and Gerday, 2003) . Increasing attention is paid to the *Corresponding author. E-mail: fewling@kck.usm.my. Tel: +609-7677536. Fax: +609-7647884. psychrophilic bacteria in the last few years with the discoveries of their potential applications in biotechnology. Potential applications can be found for cold-adapted enzymes in industrial processes (for example they can be used as additives in detergents), the food industry and bioremediation (Brenchley, 1996) .
In addition, an expression system that used replication element from cold-adapted plasmid had been shown to be a stable expression system to express heterologous and mesophilic proteins (Tutino et al., 2001 ). It could serve as a useful tool to reduce or prevent the formation of inclusion bodies as well as to produce heat-sensitive gen products. Besides, detailed analyses of the properties and structures of some of these enzymes are important for a better understanding of protein folding and dynamics. It has been suggested that these enzymes are more flexible than their mesophilic and thermophilic counterparts in maintaining their activity at low temperatures by having tiny, small and non-polar amino acids in their structures (Feller and Gerday, 2003) . On the other hand, the charged, polar and aromatic amino acids that contribute to the weak interactions which restrict and maintain the protein stability are less abundant in cold-active enzymes (Metpally and Reddy, 2009 ). However, each enzyme also shown to adopt its own strategy which often does not include by far all the elements cited earlier and it makes things more complicated in explaining the strategies used by the coldadapted enzymes. Nowadays, there are about 20 crystal structures of cold-adapted enzymes in the protein data bank (PDB). The first report of a psychrophilic enzyme crystal structure, together with an analysis of its structural relevance to the protein's cold activity, thermolability and resistance to cold denaturation was of a cold-adapted alpha amylase from Alteromonas haloplanctis (Aghajari et al., 1998) . The available of these crystal structures could help to unravel the sites of adaptations and contribute to the protein engineering of cold-adapted proteins.
A number of psychrophilic microorganisms from the Antarctic region have been isolated by our group during an Antarctic expedition in year 2002. The main aim of our study was to investigate the molecular adaptation of glycolytic pathway enzymes in these isolates. Glycolysis is a central metabolic pathway shared by the majority of living organisms. It is stringently regulated by complex feedback mechanisms to achieve a constant intracellular level of ATP which in turn allows the cell to maintain its homeostasis. The enzymes that constitute this metabolic pathway have been characterized and the genes that encode them have also been isolated and extensively analyzed. Most of the structures of the glycolytic enzymes have also been solved. However, almost all of them are from the mesophilic bacterial family and a few are from the thermophilic bacterial family as can be found in the protein data bank. Among the many glycolytic enzymes, we concentrated on the glyceraldehyde-3-phosphate dehydrogenase, GAPDH (E.C. 1.2.1.12). This enzyme plays an important role in carbohydrate metabolism. It reversibly catalyzes the oxidative phosphorylation of glyceraldehyde-3-phosphate to 1, 3-biphosphoglycerate by using NAD + as a coenzyme. It has been used as a model for studies of unfolding, refolding, dissociation and reassociation of oligomeric proteins (Rehaber and Jaenicke, 1992; Zhang and Wang, 1999) . Previously, we have successfully cloned and expressed the GAPDH from an Antarctic psychrophilic bacterium, Pseudomonas sp. 9 strain in E. coli expression system (See Too et al., 2008) . In this report we present the physico-chemical aspect of its amino acid sequence and compared the data to GAPDHs from psychrophiles, mesophiles as well as from thermophiles. A homology model of this protein is also presented and discussed. The model could serve as a hypothetical GAPDH structure from a psychrophilic microorganism for further investigation into structural domains that showed deviations from the known mesophilic and thermophilic GAPDH structures.
MATERIALS AND METHODS

Primary sequence analysis
PROTPARAM (Gasteiger et al., 2005) was used to analyze the physical characteristics of the amino acid sequence that included the molecular weight, theoretical pI, atomic composition and instability index. The amino acid and amino acid property groups composition analysis were done using the pepstats from the EMBOSS Explorer (http://bioinfo.nhri.org.tw/cgibin/emboss/pepstats).
Sequence comparison of the Pseudomonas sp. 9 GAPDH protein
ClustalW (Larkin et al., 2007) was used to perform the multiple sequence alignments with GAPDHs from other prokaryotes.
Prediction of secondary structure
Secondary structure consensus prediction (Deleage and Roux, 1987) was used for the prediction of secondary structure of the deduced protein by a combination of different approaches such as DPM (Deleage and Roux, 1987) , DSC (King and Sternberg, 1996) , GOR4 (Garnier et al., 1996) , PHD (Rost and Sander, 1993) , SIMPA96 (Levin, 1997) , Predator (Frishman and Argos, 1996) and SOPMA (Geourjon and Deleage, 1995) .
Homology modeling of the Pseudomonas sp. 9 GAPDH protein
Comparative protein modeling of the 3-D structure of Pseudomonas sp. 9 GAPDH protein was performed by using the SWISS-MODEL program in the automated mode (Arnold et al., 2006) . The template used in this modeling was selected from template identification function in the SWISS-MODEL program. In this case, an Alcaligenes xylosoxidans GAPDH protein (Protein Data Bank entry 1obfP) (Antonyuk et al., 2003) was selected as the template. The degree of identity between the template and the Pseudomonas sp. 9 GAPDH protein was 62%. Swiss PdbViewer 4.0.1 (Guex and Peitsch, 1997 ) was used to analyze and visualize the structure. The quality of the protein model generated was validated by using the PROCHECK program (Laskowski et al., 1993) .
RESULTS
Physicochemical analysis of protein sequence
The ProtParam program showed that the Pseudomonas sp. 9 GAPDH (Genbank accession number: ABS72045.1) was a stable protein with an instability index of 26.68. According to this program, a protein whose instability index is smaller than 40 is predicted as stable; on the other hand, a value above 40 predicts that the protein maybe unstable. Our preliminary result showed that this protein is stable and catalytically active under room temperature. This protein has a pI value of 6.35 and its molecular weight was 36.15 kDa. There were 10 sulfur atoms, 5 of which were from methionine (located at 1, 177, 207, 232 and 322) from cysteine (located at 58, 99, 154, 330 and 326).
Comparison of GAPDH amino acid sequences from
Pseudomonas sp. 9 and other microorganisms BLAST-P search with Pseudomonas sp. 9 GAPDH amino acid sequence as query showed that it shared the highest sequence identity with GAPDH from the genus Pseudomonas. The highest match with 95% sequence identity was linked to a GAPDH from Pseudomonas fluorescens Pf0-1 strain. This data suggests a close evolutionary relationship with Pseudomonas genus and it was confirmed by 16S rRNA sequence analysis (See Too and Few, 2010) . Sequence comparison with GAPDH from several psychrophilic, mesophilic and thermophilic bacteria was also carried out. The sequences were obtained from the GenBank database. The amino acid sequence of the Pseudomonas sp. 9 GAPDH showed 62% identity to another psychrophilic microorganism, Moritella sp. Its sequence also showed 51% identity to a mesophilic microorganism, E. coli. When compared to the thermophilic microorganisms, Pseudomonas sp. 9 GAPDH sequence showed 53 and 51% identity to Geobacillus stearothermophilus and Thermus aquaticus, respectively. A conserved sequence motif, GXGXXG has been identified at the N-terminal part of the sequence in the multiple sequence alignment analysis (Figure 1 ). The conserved Cys154 and His181 residues in the Pseudomonas sp. 9 GAPDH are the active sites of this protein.
Comparison of GAPDH amino acid compositions from Pseudomonas sp. 9 and other microorganisms
The distributions of all 20 amino acids in psychrophilic, mesophilic and thermophilic GAPDHs as well as the distributions of tiny, small, aliphatic, aromatic, non-polar, polar, charged, basic and acidic amino acid groups were presented in Table 1 On the other hand, the aliphatic amino acid group as a whole was presented lesser in psychrophiles and mesophiles compared to the thermophiles. Besides, this analysis also showed that charged, basic and acidic amino acid groups were present in lower percentages (although the difference was not much) in the psychrophiles compared to the mesophile and thermophiles.
Secondary structure prediction and homology modeling of the Pseudomonas sp. 9 GAPDH protein From the predicted secondary structure of the Pseudomonas sp. 9 GAPDH protein (Figure 2) , the protein was inferred to be mainly composed of betastrands and some alpha helices. 3-D structural model of the Pseudomonas sp. 9 GAPDH protein was generated based on the experimentally solved structural homolog by using SWISS-MODEL server (Figure 3 ). The protein model created was stored as a PDB output file and the structure was visualized by Swiss-PdbViewer 4.0.1. The 62% sequence identity between A. xylosoxidans GAPDH (1obfP) and Pseudomonas sp. 9 GAPDH was above the 30% limit that is generally considered to be the threshold limit for an accurate homology modeling (Marti-Renom et al., 2000) . This indicated that the homology modeling of Pseudomonas sp. 9 GAPDH protein based on the 1obfP crystal structure would yield a reliable structure. The Pseudomonas sp. 9 GAPDH contains a conserved consensus motif, GXGXXG, at the N-terminal part of the protein sequence. The 3-D structural prediction showed that the GXGXXG motif is part of the loop connecting the first β-strand and α-helix (Figure 4) . Accuracy of the Pseudomonas sp. 9 GAPDH protein model generated was assessed by PROCHECK program.
The stereochemistry of main chains and side chains of the protein model are reported in Table 2 . Of the nonglycine residues, 88.1% fall in the most favoured regions of the Ramachandran plot (Ramakrishnan and Ramachandran, 1965) ; only Val241 (φ = 135, ψ = 90°) and Gln65 (φ = -112.5, ψ = 67.5°) lie in the disallowed region ( Figure 5 ). Non bonded interactions were also checked for the generated protein model by using PROCHECK program. The PROCECK report showed that there was no bad contact for the Pseudomonas sp. 9 GAPDH protein model. The overall G-factor is 0.07, which indicates a good quality model as for the PROCHECK analysis, the acceptable values are > -0.50, with the best model displaying values close to zero (Laskowski et al., 1993) . All the parameters of side chains and main chains are mostly in the better range.
Other stereochemical parameters such as main chain lengths and bond angles are reported to be more than 98% within the limits. All these parameters infer that the generated Pseudomonas sp. 9 GAPDH protein model is a fairly good hypothetical structure.
Structural comparison of the Pseudomonas sp. 9 GAPDH protein with the thermophilic T. aquaticus GAPDH (1cerR) and the mesophilic E. coli GAPDH (1gaeP)
The 3-D structure of the Pseudomonas sp. 9 GAPDH protein was compared to the thermophilic T. aquaticus GAPDH and mesophilic E. coli GAPDH. The sequence of the Pseudomonas sp. 9 GAPDH protein is slightly longer (333 residues) compared to the thermophilic T. aquaticus GAPDH (331 residues) (Protein Data Bank entry 1cerR) and mesophilic E. coli GAPDH (330 residues) (Protein Data Bank entry 1gaeP). The four insertions (Gln24, Gly25, Tyr 26 and Arg27) at the loop linking the helix α1 and strand β2 of the Pseudomonas sp. 9 GAPDH protein cause it to have a longer strand β2 compared to the 1cerR. There is one insertion of glycine residue (Gly128) and two deletions at the loop linking the strand β7 and strand β8 causing it to have longer strands β7 and β8. On the other hand, there are two deletions at the loop linking the helix α8 and strand β13. As a result, Pseudomonas sp. 9 GAPDH protein structure has a shorter loop at that position compared to the 1cerR as can be seen in the superimposition of the Pseudomonas sp. 9 GAPDH protein and 1cerR ( Figure 6A ). From the superimposition of Pseudomonas sp. 9 GAPDH protein and the 1gaeP structures ( Figure 6B ), three insertions (Gln24, Gly25 and Tyr26) are found at the loop linking the helix α1 and strand β2 of the Pseudomonas sp. 9 GAPDH protein causing it to have a longer coil compared strand β13 causing it to have a shorter helix and loop. The deletion at the strand β16 causing the Pseudomonas sp. 9 GAPDH protein to have a shorter strand β16 compared to 1gaeP. The conserved residue Cys154 and His181 of the Pseudomonas sp. 9 GAPDH which have been linked to catalysis are both well defined in GAPDHs from other species. The active site of the Pseudomonas sp. 9 GAPDH was compared to the active sites of thermophilic T. aquaticus and mesophilic E. coli GAPDHs. The constructed model showed that the Cys154 of the Pseudomonas sp. 9 GAPDH does not form hydrogen bond with other amino acid. This is different from the mesophilic 1gaeP and thermophilic. 1cerR. The conserved Cys153 residue of the 1gaeP forms hydrogen bonds with Cys149 and Ser290. The carboxyl O atom of Cys149 of the 1cerR is also hydrogen bonded to the Asn152 N atom. The hypothetical structure of the active sites (Figure 7 ) also showed that the N atom of Ala182 of Pseudomonas sp. 9 GAPDH is hydrogen bonded to the Ser242 OG atom. As a consequence, no hydrogen bond can be made between the conserved residue of His181 to the nitrogen atom of Ala182. On the other hand, the His176 ND1 of 1gaeP is hydrogen bonded to the N atom of Ala177, fixing the plane of the histidine ring. There is no hydrogen bonding formed for the His176 in 1cerR as instead of alanine, a serine residue (ser177) is found at the alanine position.
DISCUSSION
It is generally assumed that the thermophilicity is correlated with the rigidity of a protein and that psychrophilicity should be reflected by a more flexible protein structure. Several factors have been proposed to contribute to the increased structural flexibility and the general observed low stability of cold-adapted proteins. Studies have shown that there were amino acid preferences and substitution patterns that lead to the cold adaptation of proteins to low temperatures (Metpally and Reddy, 2009) . Those amino acids with small, tiny and neutral properties were favored in cold-adapted proteins. Whereas, charged, basic, aromatic and hydrophobic amino acids were usually avoided (Jahandideh et al., 2007) . Based on the results presented here, the composition of tiny and small amino acids which can provide a greater rotational freedom and flexibility to a protein increased in psychrophilic GAPDHs compared to the thermophilic GAPDHs. Our results are also in agreement with several previous reports that observed decreasing composition of charged (basic and acidic) amino acids in psychrophilic proteins (Ladbury et al., 1995; Siddiqui and Cavicchioli, 2006) . These groups of amino acids are capable of both short and long range interactions and contributing to the electrostatic interaction that is important for maintaining conformational stability in outer part of proteins (Kumar et al., 2000; Ladbury et al., 1995) . However, exceptions did occur, for example, a cold-adapted subtilisin from an Antarctic Bacillus TA39 showed a higher proportion of charged amino acids (Narinx et al., 1997) ; on the other hand, arginine, which is a charged and basic amino acid, its composition was not lower in the psychrophiles when compared to the mesophile and thermophiles in this report. In else place, this residue was shown to present in a lower amount in many cold-adapted enzyme (RentierDelrue et al., 1993) .
In terms of the composition of aliphatic amino acids which is the main force for maintaining the conformational stability in the inner part of a protein, our results showed that its composition was decreased in psychrophilic GAPDHs and this is in accordance with other reported data which stated that the proportion of aliphatic amino acids was lower in the psychrophilic proteins (Shih and Kirsch, 1995) . A homology based model of Pseudomonas sp. 9 GAPDH was also presented in this work. Crystal structures for GAPDH enzymes from a variety of eukaryotic and prokaryotic species are available in the PDB. GAPDH structures from microbial origins include those from the mesophiles such as E. coli (Duee et al., 1996) , the moderately thermophilic Bacillus stearothermophilus (Didierjean et al., 1997) , the thermophilic T. aquaticus (Tanner et al., 1996) and the hyperthermophilic Thermotoga maritima (Korndorfer et al., 1995) . However, according to our search, there is currently no reported psychrophilic microbial GAPDH structure in the PDB. The predicted 3-D structure of GAPDH protein from Pseudomonas sp. 9 reported here could serve as a model for prokaryotic psychrophilic GAPDH.
The conserved domain analysis revealed that the Pseudomonas sp. 9 GAPDH protein has two folding domains, the nucleotide (NAD + ) binding domain and the catalytic (GAP-binding) domain which are also found in the template (1obfP) used for the modeling. Similar to the 1obfP, the Pseudomonas sp. 9 GAPDH protein has the NAD + -binding domain (residues 1-152) composed of a number of stranded parallel β-strands with helices on both sides of the strands. This is represented by a highly conserved double motif fold, the α-β-α-β-α-β motif fold or Rossmann fold (Antonyuk et al., 2003; Lesk, 1995) . The α/β fold of the catalytic domain (residues 153 to 313) is more variable, mainly consisting of antiparallel β-sheet. The Pseudomonas sp. 9 GAPDH protein contains a conserved sequence motif, GXGXXG at the N-terminal part of the sequence. This consensus sequence is known as the dinucleotide-binding motif (DBM) (Wierenga et al., 1983 ) is a common motif among NAD(P)H-dependent oxidoreductases. The central part of this consensus motif is part of the loop connecting the first β-strand and α-helix in the Rossmann fold. This motif is important for the binding of NAD ligand and stabilizes the interaction between the first α-helix and the first β-strand (Kleiger and Eisenberg, 2002) .
The homology model of Pseudomonas sp. 9 GAPDH generated in this study was assessed by using PROCHECK, a protein structure validation program. The stereochemical parameters were mostly shown to be within the acceptable limit with minor exceptions. The generated model might not be a perfect structure; however, it can serve as a fairly good hypothetical GAPDH structure from a psychrophilic microorganism for further investigation especially into those domains that showed deviations from the mesophilic and thermophilic GAPDHs. Hypothetical structure for Pseudomonas sp. 9 GAPDH showed that there were no hydrogen bonds formed from the conserved residues of Cys154 and His181 compared to the thermophilic T. aquaticus and mesophilic E. coli GAPDHs. The absence of these hydrogen bonds could lead to a more flexible structure especially at the active sites since these two residues are involved in the catalytic activity of this enzyme. This hypothetical structure could serve as a starting point for further investigation into this aspect, especially by using the site-directed mutagenesis approach, to clarify the importance of the presence/absence of these hydrogen bonds at the active site towards the enzyme stability and specific activity.
Adaptation of enzymes through a collection of synergistic changes in terms of gene content and amino acid composition is one of the important cold-adaptation strategies. However, given the existence of psychrophiles in lineages across the tree of life, multiple mechanisms contributing to cold adaptation may exist. Hence, further understanding of these strategies evolved in psychrophilic enzymes is essential to reap the benefits of their biotechnological applications.
